Abstract: Background and objective: It has been shown that macrophages play an important role in the development of severe acute pancreatitis (SAP), and eventually lead to multiple organ failure (MOF). Clodronate-liposome selectively depleted macrophages. This study was to investigate the role of renal macrophage infiltration in acute renal injury in rats with SAP and to evaluate the potential of superparamagnetic iron oxide (SPIO)-enhanced magnetic resonance imaging (MRI) for diagnosis. Methods: Superparamagnetic Fe 3 O 4 nanoparticles were prepared by chemical coprecipitation. SPIO-liposomes and SPIO-clodronate-liposomes were prepared by the thin film method. SAP models were prepared by injection of sodium taurocholate into the subcapsular space of rat pancreas. Sprague-Dawley rats were randomly divided into a control group, SAP plus SPIO-liposome (P) group, and SAP plus SPIO-clodronatecontaining liposome (T) group. Kidney injury was evaluated by T2-weighted MRI scan. The levels of serum amylase (SAM), blood urea nitrogen (BUN), and serum creatinine (SCr) were measured by an automated enzymatic method. Serum tumor necrosis factor-α (TNF-α) was measured by enzyme-linked immunosorbent assay (ELISA). Pathological changes in the pancreas and kidney were observed using hematoxylin and eosin (H&E) staining, while cell apoptosis was detected with terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) staining. In addition, the macrophage markers (CD68) of the renal tissue were detected with immunohistochemistry. Results: The pathological changes in the pancreas and kidneys of rats in the T group were milder than those in the P group. The MRI signal intensity of the kidneys in the P and T groups was significantly lower than that in the control group. There were significant changes in the two experimental groups (P<0.01). The levels of SAM, Bun, SCr, and TNF-α in rats in the P group were higher than those in the control group (P<0.01) and in the T group (P<0.01). The apoptosis of the kidney in the T group was higher than that in the P group at 2 and 6 h (P<0.01). Conclusions: Clodronate-containing liposomes protected against renal injury in SAP rats, and SPIO can be used as a tracer for MRI examination to detect renal injury in SAP rats. SPIO-aided MRI provided an efficient non-invasive way to monitor the migration of macrophages after renal injury in rats with SAP.
Introduction
Severe acute pancreatitis (SAP) can cause systemic inflammatory response syndrome (SIRS) and high morbidity. Recently, the SIRS has been widely recognized as a disease state, which could lead to multiple organ failure (MOF) (Singh et al., 2009; Fry, 2012) . SAP is often complicated by renal injury. The acute kidney injury is a serious complication of SAP and has a high mortality rate (Zhang et al., 2008; Li et al., 2010) . It is not clear how renal injury is induced in acute pancreatitis but increasing evidence implicates pro-inflammatory cytokines and oxidative stress in the development of systemic complications.
It was suggested that impaired clearance of injured acini by macrophages is associated with an altered cytokine reaction resulting in the progression of acute pancreatitis. Macrophages play a central role in the systemic generation of inflammation mediators during acute pancreatitis (Shrivastava and Bhatia, 2010) . Their accumulation and activation in the kidney were correlated with the progression of SAP and participated in the initiation, progression, and final destruction of renal tissue (Ricardo et al., 2008) .
Clodronate is a first-generation bisphosphonate osteoporosis drug that is a potent osteoclast inhibitor, and has poor cellular membrane permeability and a short half-life in the systemic circulation (van Rooijen and Sanders, 1994; Selander et al., 1996; Danenberg et al., 2002; Hoshino and Yamazaki, 2005; Roelofs et al., 2006) . Clodronate-liposome selectively depleted macrophages from tissue by competing with ATP (van Rooijen and Sanders, 1994) . When administered intravenously, liposomes are delivered to phagocytic cells of the mononuclear phagocyte system, and clodronate is released intracellularly, which destroys these phagocytic cells (Pennanen et al., 1995; Day et al., 2005; Jo et al., 2006) .
Due to their ability to produce proinflammatory cytokines, macrophages have long been regarded as classic mediators of innate immunity, glomerular damage, tubular cell death, and the downstream fibrotic events leading to renal injury (Bonventre and Zuk, 2004; Devarajan, 2006) . Although it has been reported that adenosine triphosphate (ATP) depletion, reactive oxygen species (ROS), phospholipase activation, neutrophil infiltration, and vasoactive peptides were involved in the pathogenesis of renal damage (Williams et al., 2010; Zheng et al., 2011) , the mechanisms underlying the macrophage-mediated renal injury have not been fully understood.
There was an attempt to determine the relationship between the involvement of renal and perirenal space and the severity of acute pancreatitis with magnetic resonance imaging (MRI) (Li et al., 2012) . Superparamagnetic iron oxide (SPIO) nanoparticles have been used as cell labeling agent in both preclinical and clinical settings. The aim of this study was to evaluate the ability of macrophage imaging with SPIO-enhanced MRI to detect the infiltration of macrophages into pancreas and kidney to elucidate the role of macrophages in SAP-induced renal injury.
Materials and methods

Reagents
Clodronate (clodronic acid) was purchased from the Wegene Technoloies Inc. (Shanghai, China). Ferric hexahydrate, absolute ethanol, and cyclohexane (analytical reagent), oleic acid (OA), and Fe(acac) 3 (chemical pure) were purchased from Sinopharm Chemical Reagent Co. Ltd. (China). Apoptosis was detected by terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assay with a detection kit (Cat. No. 11684817910; Roche, Switzerland) . The CD68 immunohistochemical kit was purchased from the Fuzhou Maxim Biosciences (China), and tumor necrosis factor-α (TNF-α) was purchased from Invitrogen Corp. (California, USA). All other chemicals, unless otherwise stated, were purchased from Sigma (St. Louis, MO, USA). Electric stirrer (JJ-1) was purchased from the Jintan Medical Instrument Factory (Jiangsu, China), automatic biochemistry analyzer from Shimadzu (Japan), rotary evaporators R-200 from BUCHI, and MR (3.0 T), Bruker D500 Theta/2Theta X-Ray Diffraction (XRD) from SIEMENS. Transmission electron microscopes (TEM; FEI Tecnai-12) were obtained from Philips (the Netherlands).
Preparation of SPIO, SPIO-liposomes, and SPIO-clodronate-liposomes
Superparamagnetic Fe 3 O 4 nanoparticles were prepared by chemical coprecipitation method as previously described (Zhang et al., 2010) . The black precipitate was obtained and washed with anhydrous alcohol thrice. Then the product was dispersed in anhydrous alcohol. The surface structure and morphology of the composite were characterized by XRD using Cu Kα radiation (λ=1.54 Å), scanning electron microscope (SEM), and TEM (voltage 120 kV). SPIOliposomes (empty liposomes) and SPIO-clodronateliposomes were prepared as the method previously described with some modifications (van Rooijen and van Kesteren-Hendrikx, 2003; Zhang et al., 2010) . Briefly, 0.14 g lecithin and 0.028 g cholesterol were dissolved in 15 ml chloroform. The mixture was then evaporated to remove chloroform by rotary distillation with 150 r/min at 37 °C. Finally, a layer of singlemolecule lipid membrane was formed on the flask walls. The flask was dried in a 60 °C thermostatic oven. Disodium clodronate (0.1 g) and prepared SPIO (2 drops) were added into 15 ml of phosphate buffered saline (PBS), vigorous shaking followed by 1 h continuous ultrasound to generate a phospholipid bilayer from the single-molecule phospholipid membranes. The resulting liposomes were washed with saline and PBS to remove unincorporated phospholipid molecules. Drug encapsulation efficiency was calculated as (liposome encapsulated drug/total liposomes)×100%. Calculated drug encapsulation efficiency of prepared clodronate-SPIO liposomes was 26.3%.
Animal models and experimental grouping
Sprague-Dawley rats (weight 350-400 g) were maintained in a temperature-controlled environment with an ambient temperature of 21-23 °C and a 12-h light/dark cycle. The rats were given food and water ad libitum and fasted overnight before experiments. Rat SAP models were prepared by the method of Zhang et al. (2007) . The SAP rats were slowly injected 2 ml/kg body weight through the tail vein of either SPIO-liposomes (P group), SPIO-clodronateliposomes (T group), or saline (C group). There were eight rats in each group. All dosages had previously been shown to be effective (Chamberlain et al., 2011) . The suspension was shaken gently before administration. Rat kidneys were scanned by T2-weighted MRI scans (in the same plane). Following the SAP model for 2 and 6 h, rats were sacrificed and the left kidney and pancreas were harvested. All institutional and national guidelines for the care and use of laboratory animals were followed.
Analyses of serum amylase (SAM), blood urea nitrogen (BUN), serum creatinine (SCr), and tumor necrosis factor-α (TNF-α) levels
At the end of the scans, 2 ml of blood samples were drawn from the superior mesenteric vein and placed on ice for 15 min before being centrifuged at 3000 r/min for 5 min, and kept at −70 °C until the analyses for SAM, BUN, SCr, and TNF-α. SAM, BUN, and SCr were measured by an automated enzymatic method (Shimadzu, Japan). Serum TNF-α was measured by enzyme-linked immunosorbent assays (ELISA) (Invitrogen, USA) according to the manufacturer's protocol.
MRI scan of kidney
MRI was performed using a 3.0 MRI system (Magnetom Trio Tim, SIEMENS). The MR images were acquired using a T2-weighted image scan with the parameters as Zhang et al. (2010) reported. A breast coil, self-made fixation tool for rats, water model, and image post-processing workstation (Leonardo) were utilized. The rats were put through the center of the coil along the vertical direction (that is, the long axes of the rat and the coil were mutually perpendicular). Physiological saline solution was placed below the coil for MRI. All rats were placed in the supine position. After rats were fixed using the self-made fixation tool, they were wrapped through the coil and put on the scanning bed. The MR images were acquired using coronal SE-T2WI (T2-weighted image) scans.
Perls Prussian blue staining
Perls Prussian blue staining of formalin-fixed, paraffin-embedded renal tissue sections (5 μm thick) used the method described by Tseng et al. (2009) .
TUNEL assay
Tissue apoptotic cells were detected with TUNEL using a commercial kit (No. 11684817910; Roche, Switzerland) according to the manufacturer's protocol. TUNEL assay was performed for paraffin sections fixed with 4% paraformaldehyde and processed according to the method previously described by Kitamoto et al. (2009) .
Immunohistochemistry staining of renal macrophages
Kidney infiltrating macrophages were evaluated by immunostaining of CD68 + as described previously . Briefly, formalin-fixed, paraffinembedded tissue sections (4 µm) were blocked with 10% normal rabbit serum in Tris-buffered saline for 20 min followed by 15 min incubation with avidin and then biotin using an avidin-biotin blocking kit (Vector Laboratories). Endogenous peroxidase activity was inhibited by 20-min incubation with methanol containing 0.3% H 2 O 2 . Sections were incubated with a monoclonal antibody (mAb) against rat CD68 + for 12 h at 4 °C, and then incubated with biotin-labeled goat anti-mouse IgG for 30 min followed by a 30-min incubation with avidin at room temperature. Biotinylated horseradish peroxidase was applied for 30 min. Slides were washed with Tris-buffered saline with Tween 20 (TBST) thrice after each incubation. Peroxidase activity was developed in 3,3-diaminobenzidine and counterstained with Mayer's hematoxylin.
Histological examination
Paraffin-embedded pancreas and kidneys were sectioned (5 μm), then stained with hematoxylin and eosin (H&E). Experienced histologists checked and scored each specimen blindly. This pathological assessment of pancreatic tissue was performed according to the scoring criteria proposed by Kaiser et al. (1995) . Histopathologic analysis of the renal injury was performed according to the previously described scoring system (Zhang et al., 2006) : 0: normal finding; I: no cellular proliferation or fibrosis in renal glomerulus, no capillary congestion or microthrombus, swelling and blurry boundary of renal tubular epithelial cell, stegnosis or atresia of lumens, protein cast and renal interstitial edema; II: glomerular capillary congestion, scattered necrosis in renal tubular epithelial cell, interstitial edema, and inflammatory cell infiltration; III: all the indications in II plus lamellar necrosis of renal tubular epithelial cell.
Statistical analysis
All the data were expressed as mean±standard deviation (SD) and analyzed with SPSS statistical software (18.0). If equal variances were assumed, one-way analysis of variance (ANOVA) was employed; otherwise, the Kruskal-Wallis test was used. A P value <0.05 was considered statistically significant.
Results
Characterization of SPIO and liposomes
SPIO nanoparticles were aggregated together with an average diameter of approximately 20-50 nm, which is consistent with TEM results. The homemade SPIO colloid solution exhibited nanometer particle diameter, excellent stability, and magnetic response, and was superparamagnetic. Transmission electron micrographs measurements revealed that SPIOliposomes were spherical with a uniform size around 100-200 nm in diameter (Fig. 1) .
Changes in the levels of SAM, BUN, SCr, and TNF-α
Levels of SAM, BUN, SCr, and TNF-α of the P group rats were significantly higher than those of the C group rats at each time point (P<0.01), while they were markedly decreased in the T group rats compared to those in the P group rats at all time points (P<0.01; Fig. 2 ).
Pathological changes in the pancreas
Pancreases of the C group rats did not show significant changes. In the opened abdominal cavity of rats, an amount of bloody ascites was obvious in the P group rats. At different time points, we could see different degrees of edema, hemorrhage, and necrosis of the pancreas in the P group. The pancreatic pathological changes in the T group were significantly reduced compared with those in the P group. Pancreatic histological scores of the P and T groups were significantly higher than that of the C group. Our results revealed that there was a significant and dramatic histological improvement in the T group compared to the P group (P<0.01; Fig. 3 ). (g) Fig. 3 Pathological changes in the pancreas (a, d) In the C group, the pancreata of rats showed no morphological or structural abnormalities. (b, e) In the P group, there were varying degrees of focal interlobular edema, necrotic areas without structure, and red blood cells in the tissue space, as well as massive inflammatory cell infiltration. (c, f) In the T group, pancreatic edema, hemorrhage, and necrosis, as well as inflammatory cell infiltration were milder than those in the P group. Magnification is 200×. (g) Pancreatic histological scores showed significant differences between the P and T groups and the C group ( * P<0.01); pathological changes in the T group were less severe than those in the P group ( # P<0.01) (Zhang et al., 2010) . Data are expressed as mean±SD (n=8) (Note: for interpretation of the references to color in this figure legend, the reader is referred to the web version of this article)
Gross changes and light microscopic changes of kidney
The kidneys of the C group rats showed normal morphology without swelling and bleeding points. Varying degrees of congestion and swelling were seen in the P group rats at all time points, the kidney became darker in color, and scattered necrotic foci were visible. In the T group, the above-mentioned changes were milder than those in the P group at all time points.
The kidneys of the C group rats showed no obvious renal morphological or structural abnormalities in most rats. In the P group, there were capillary congestion of renal glomerulus, swelling, scattered necrotic foci, and blurry boundary of the renal tubule epithelial cell, stenosis or atresia of lumens, visible protein cast, interstitial edema and inflammatory cell infiltration at 2 h, interstitial edema and inflammatory cell infiltration at 6 h. The floss and red cell with eosinophilic staining were found in the renal glomerulus and homogenous or red cell cast with eosinophilic staining in the renal tubule. There was necrosis of the lamellar epithelial cell in a few rats. The T group rats had those changes to a milder degree. Renal histological scores showed significant differences between the P and T groups and the C group; pathological changes in the T group were less severe than those in the P group (Fig. 4) .
Changes in MRI T2-weighted image
The kidney MRI T2-weighted image signal intensity of the P and T group rats was significantly lower than that of the C group rats at 2 and 6 h (Fig. 5) .
Perls Prussian blue staining
The Prussian blue staining did not have any positive staining in renal tissues of the C group rats but showed numerous blue stained cells in the kidney of the P group rats and the number of stain-positive kidney cells was greatly diminished in the T group rats (Fig. 6 ).
Immunohistochemistry for macrophage markers (CD68) in renal tissue
Macrophage infiltration of renal tissue was assessed by immunostaining for the macrophagespecific marker CD68. Clusters of CD68-positive cells with structural damages were seen in the kidney of the P group rats while fewer CD68-positive cells were detected in the T group rat kidney (Fig. 7) .
Ratio of apoptosis of renal tissues by TUNEL
Large numbers of TUNEL-positive cells were observed in the T group, but no or minimal TUNEL-positive cells were observed in the C and P groups (Fig. 8) . In the P group, basically no abnormal changes were shown in 2 h tubular epithelial cell structure, glomerular structure was slightly fuzzy, and interstitial boundaries were unclear; 6 h tubular high degree of swelling of the epithelial cells was shown. The epithelial cells showed varying degrees of necrosis, renal tubular red tube, some of the specimens in protein casts, fuzzy glomerular structure, and ill-defined interstitium, and a large number of red blood cells were aggregated. (c, f) In the T group, tubular epithelial degeneration, compared with the P group, improved markedly. Magnification is 200×. (g) Renal histological scores showed significant differences between the P and T groups and the C group ( * P<0.01); pathological changes in the T group were less severe than those in the P group ( # P<0.01). Data are expressed as mean±SD (n=8) (Note: for interpretation of the references to color in this figure legend, the reader is referred to the web version of this article) 4 Discussion SAP is a complex inflammatory syndrome which could cause high mortality. The morbidity and incidence of serious complications of SAP remain high due to the lack of efficient treatment. SAP is often complicated by acute kidney injury, either isolated or part of MOF (Peride et al., 2011) . Patients with SAP complicated with acute kidney injury are associated with a higher mortality than patients with acute pancreatitis alone (Lin et al., 2011; Bishehsari et al., 2012) . Multiple studies have demonstrated that sepsis is the leading cause of acute renal failure among risk factors like polytrauma, burns, pancreatitis, cardiopulmonary bypass, and others. During acute pancreatitis, especially SAP, massive pro-inflammatory cytokines are released from pancreatic tissues, which in turn influence the whole process of pancreatitis.
Macrophage infiltration in the kidney, especially in the tubulointerstitium, is closely related to renal tissue damage (such as interstitial fibrosis and crescent formation), proteinuria, and nephritic dysfunction. Kidney injuries usually have visible renal macrophage infiltration. Macrophage infiltration is not only a secondary response to injury, but also is actively involved throughout the process of kidney injury. Thus, targeting selected macrophage pathways is a potential therapeutic strategy for suppressing macrophage-mediated renal injury.
SPIO is a new type of magnetic material used in MRI, which can be developed as a reticuloendothelial system. MRI contrasts agents with markedly shortened T2 and moderately affected T1 relaxation rates (Bulte and Kraitchman, 2004) . Intravenously administrated SPIO particles can be specifically taken up by macrophages (Siglienti et al., 2006; Hauger et al., 2007; Bierry et al., 2008; . The signal intensity of T2-weighted image of kidney decreased more significantly in the P group than in the C group. As a non-specific extracellular contrast material, SPIO has been widely used in MRI of parenchymatous organs. Dynamic SPIO-enhanced MRI can provide useful information about the blood supply to lesions and thus greatly improve the accuracy of diagnosis of focal renal lesions. MRI detection of macrophages homing to an injured kidney may facilitate early detection and investigation of the pathogenesis of acute kidney injury and be a strategy for determining the treatment of acute renal failure (Cai et al., 2012) .
Macrophages are key pro-inflammatory and antiinflammatory cells, which accumulate in the damaged organ in SAP. By using the property of SPIO, SAP complicated by multiple organ injury can use noninvasive molecular MRI for evaluation. We employed liposomes as carriers to deliver clodronate into macrophages to induce apoptosis, reduce the release of inflammatory mediators, and deliver SPIO for MRI examination of renal injury. In our model, we used immunohistochemistry to study the expression of CD68 in the kidney of SAP rats at different time points. We can find that CD68 expression in renal tissue increased significantly in the P group. SAM and TNF-α levels increased more significantly in the P group than in the C group, and were significantly lower in the T group than in the P group. Coincidentally, pancreas and renal injuries in the T group were milder than those in the P group.
In conclusion, clodronate-liposomes could prevent the progression of SAP-caused renal injury by modulating the inflammation process. We found a new method for making SPIO-liposomes to label the macrophage and MRI. The results may provide insights and new possibilities for the MRI evaluation and treatment of renal injury with SAP.
